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SYSTEM AND METHOD OF MAINTAINING
AND UTILIZING MULTIPLE RETURN
STACK BUFFERS

This Application 1s a Continuation of Ser. No. 09/027,
407 filed Feb. 20, 1988 Now U.S. Pat. No. 6,151,671.

FIELD OF THE INVENTION

The present invention 1s directed to improvements to an
instruction pipeline 1n a microprocessor. In particular, the

present invention 1s directed to the maintenance and utili-
zation of information related to RETURN FROM SUB-
ROUTINE 1nstructions.

BACKGROUND INFORMATION

Modem microprocessors include instruction pipelines in
order to 1ncrease program execution speeds. Instruction
pipelines typically include a number of units, each unit
operating 1n cooperation with other units in the pipeline. One
exemplary pipeline, found in, for example, Intel’s Pentium®
Pro microprocessor, includes an instruction fetch unit (IFU),
an instruction decode unit (ID), an allocation unit (ALLOC),
an instruction execution unit (EX) and a write back unit
(WB). The instruction fetch unit fetches program
instructions, the instruction decode unit translates the
instructions mto micro-ops, the allocation unit assigns a
sequence number to each micro-op, the execution unit
executes the micro-ops, and the write back unit refires
Instructions.

In this exemplary pipeline arrangement, the instruction
fetch unit fetches instructions, while the other units operate
on previously fetched mstructions. In order for a pipelined
microprocessor to operate efficiently, the instruction fetch
unit continually provides the pipeline with a stream of
instructions.

Certain types of instructions may cause the instruction
fetch umit to stall until a unit further downstream 1n the
pipeline fully resolves the mstruction. For example, it 1s not
known whether a conditional branch instruction will be
taken or not taken unftil the branch condition i1s fully
resolved. Accordingly, after the mstruction fetch unit fetches
such a conditional branch instruction, the instruction fetch
unit does not know whether the next required instruction 1s
the next sequential program instruction, or the instruction at
the branch target address of the conditional branch instruc-
tion. If the instruction fetch unit were required to wait until
the branch condition 1s fully resolved, 1.¢., after the mstruc-
tion 1s executed, the instruction fetch unit would stall.
Accordingly, modern microprocessor instruction pipelines
include prediction circuitry for predicting whether or not
such a branch instruction will be taken.

In Intel’s Pentium® Pro microprocessor, for example the
instruction pipeline includes prediction circuitry, 1.e., a
branch target buffer (BTB), that predicts whether or not a
branch instruction will be taken or not taken based on the
history of the branch instruction. Exemplary embodiments
of the branch target builer are described 1n detail in U.S. Pat.

No. 5,574,871 to Hoyt et al., U.S. Pat. No. 5,577,217 to Hoyt
et al., U.S. Pat. No. 5,584,001 to Hoyt et al.

Certain types of branch instructions are associated with
program calls to subroutines. A typical program calls a
subroutine by 1ssuing a CALL instruction, explicitly citing
the address of the subroutine to which the program should
branch. The subroutine then typically ends with a RETURN
FROM SUBROUTINE mstruction, which causes the pro-

ogram to branch back to the program that made the call. This
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return address 1s not explicitly cited. However, when the
CALL 1nstruction associated with the RETURN FROM

SUBROUTINE instruction 1s executed, the address of the
next sequential instruction (relative to the CALL instruction)
1s pushed onto a branch prediction stack, 1.e., a real return

stack buffer (RRSB). When the RETURN FROM SUB-
ROUTINE 1nstruction 1s retired, the RRSB 1s “popped”

(e.g., removing the top entry from the stack, or invalidating
the entry from the stack and incrementing a pointer), thereby
providing the processor, and the instruction fetch unit in
particular, with the appropriate return address.

Because an instruction pipeline 1s typically several
instructions deep, it 1s possible that the instruction fetch unit
will need the return address in order to fetch the next
instruction before the CALL instruction 1s actually executed
and retired, particularly 1n the case of a short subroutine. For
example, 1f a subroutine 1s only 10 mstruction long, but the
instruction pipeline 1s 20 1nstructions deep, the instruction
fetch unit will need the return address before the CALL
Instruction even gets to the execution unit and write back
unit. Accordingly, a processor may include a “speculative”
return stack buffer (SRSB). In the Intel Pentium® Pro
processor, for example, the instruction decode unit main-
tains a speculative return stack buil

er into which a return
address for each CALL instruction the instruction decode
unit detects 1s pushed. This return stack buffer 1s considered

“speculative” because 1t may include return addresses for
CALL instructions that are actually never executed. For
example, 1f the CALL instruction in within a program path
following a conditional branch instruction upon which the
branch target butfer predicts branch direction, 1.e., taken or
not taken, the CALL instruction may never actually be
executed if the branch direction of the conditional branch
instruction was incorrectly predicted. A detailed description
of an exemplary real return stack buffer and speculative
return stack buffer are provided 1n U.S. Pat. No. 5,604,877
to Hoyt et al. In such a system, 1if a conditional branch
instruction 1s incorrectly predicted, the pipeline must be
restarted at the instruction fetch unit. That 1s, the instructions

in the instruction pipeline following the branch instruction
must be flushed, including intervening CALL and RETURN

FROM SUBROUTINE instructions. Additionally, the
instruction fetch unit must begin fetching mstructions at the
proper 1nstruction address. Thus, the entries 1n the specula-
tive return stack buffer are incorrect, and are marked invalid.

In the Intel Pentium® With MMX™ Technology

microprocessor, the real return stack buffer and the specu-
lative return stack buffer are maintained in the same struc-
ture. Thus, if the entires 1n the speculative return stack
buffers are marked 1nvalid, units 1n the mstruction pipeline
may 1nstead use the entries 1n the real return stack buffer.

The above-described systems work reasonably well 1n a
instruction pipeline having a single pipeline restart point,
and a single instruction source (i.e., the instruction fetch
unit). However, in a system that includes multiple restart
points and multiple 1nstruction sources, modifications are
needed to provide the 1nstruction fetch unit with current and
reasonably accurate information.

SUMMARY OF THE INVENTION

In an exemplary embodiment of the present invention, an
instruction pipeline in a microprocessor 1s provided. The
instruction pipeline includes a plurality of pipeline unaits,
cach of the plurality of pipeline units processing a plurality
of 1nstructions. At least two of the plurality of pipeline units
arc a source of at least some of the instructions for the
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pipeline. The pipeline further includes at least two specula-
five return address stacks, each of the speculative return
address stacks coupled 1s coupled to at least one of the
instruction source units. Each of the speculative return
return address stacks are capable of storing at least two
speculative return addresses.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a 1s a block diagram of the overall system archi-
tecture of a first embodiment of the present invention.

FIG. 1b 1s a block diagram of the overall system archi-
tecture of an exemplary embodiment of the present 1nven-
tion.

FIG. 2a 1s an 1llustration of an exemplary speculative
return stack buffer.

FIG. 2b 1s an 1llustration of an exemplary real return stack
buffer/speculative return stack buffer.

FIG. 3a 1s a flowchart of a process performed by the
instruction fetch unit upon detecting a CALL 1nstruction in

accordance with the exemplary embodiment of the present
invention.

FIG. 3b 1s a flowchart of a process performed by the
instruction fetch unit upon detecting a RETURN FROM
SUBROUTINE i1nstruction 1n accordance with the exem-

plary embodiment of the present invention.

FIG. 4a 1s a flowchart of a process performed by the
instruction decode unit upon detecting a CALL instruction in
accordance with the exemplary embodiment of the present
invention.

FIG. 4b 1s a flowchart of a process performed by the
instruction decode unit upon detecting a RETURN FROM
SUBROUTINE 1nstruction 1n accordance with the exem-
plary embodiment of the present invention.

FIG. 5a 1s a flowchart of a process performed by the trace
cache unit upon detecting a CALL 1nstruction 1n accordance
with the exemplary embodiment of the present invention.

FIG. 5b 1s a tlowchart of a process performed by the trace
cache unit upon detecting a RETURN FROM SUBROU-
TINE 1nstruction 1 accordance with the exemplary embodi-
ment of the present invention.

FIG. 5c 1s a flowchart of an exemplary process performed
by units 1n the instruction pipeline when the instruction
source become the 1nstruction fetch unit.

FIG. 6a 1s a flowchart of a process performed by trace
branch information table circuitry in maintaining pointers
for an out-of-order portion of the microprocessor 1n accor-
dance with the exemplary embodiment of the present inven-
tion.

FIG. 6b 1s a flowchart of a process for recovering from a
branch misprediction performed in the exemplary pipeline.

FIG. 7a 1s a flowchart of an exemplary process performed
by a write back unit in connection with maintaining a real
return stack buffer.

FIG. 7b 1s a flowchart of a process for recovering from
EVENTs and TRAPs performed 1n the exemplary pipeline.

DETAILED DESCRIPTION

Overall System Architecture

Referring now to the drawings, and initially to FIG. 1a,
there 1s 1illustrated the overall system architecture of the
present 1nvention. As shown, instruction pipeline 900
includes a plurality of pipeline units, 1.e., pipeline unitl 910,
pipeline unit2 920, pipeline unitd 930 and pipeline unitn
940. Although four pipeline units are 1llustrated, the instruc-
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4

tion pipeline 900 may include more or less units.
Additionally, although the pipeline units of pipeline 900 are
illustrated as coupled in series, alternative connections are
possible. For example, pipeline unitd 930 may be connected
in parallel with another unit, such as, for example, pipeline
unit2 920.

Pipeline unitl 910 may be, for example, an instruction
source for pipeline 900. That 1s, pipeline unitl 910 may fetch
instructions from, for example, main memory, cache
memory, etc., and provide the fetched instructions to the
mstruction pipeline 900 for processing. In the embodiment
illustrated, each pipeline unit processes mstructions received
from an upstream pipeline unit, and then passes the pro-
cessed 1nstructions to the next downstream unit. For
example, pipeline unit2 920 may receive instructions from
pipeline unitl 910, and may decode the received instruc-
tions. The decoded instructions may then be passed to
pipeline unit3 930. (Of course, in some processors, Instruc-
fions do not require decoding. In such a processor, the
instruction pipeline 900 would not need a decode unit.)

In accordance with the present invention, a second
mstruction source may be included i pipeline 900. For
example, pipeline unitd 930 may fetch instructions from, for
example, main memory, cache memory, etc., and provide
instructions to pipeline 900. In such a system, pipeline unit3
930 may provide instructions to pipeline 900 during a time
that pipeline unitl 910 i1s not providing mstructions to
pipeline 900. That 1s, typically, only one pipeline unit
provides 1nstructions to pipeline 900 at any given time
(although in particular architectures, it may be possible that
multiple units provide 1instructions to pipeline 900
simultaneously).

Instruction pipeline 100 also includes an instruction
execution unit. For example, pipeline unitn 940 may receive
instructions from an upstream pipeline unit, and execute the
mstructions, either 1in the order received, or in an out-of-
order sequence (depending on, for example, the particular
architecture of the processor.)

Pipeline 900 processes instructions including, for
example, subroutine call mstructions. As noted above, a
typical program calls a subroutine by i1ssuing a CALL
instruction. The called subroutine then typically ends with a
RETURN FROM SUBROUTINE instruction. In the exem-
plary embodiment of the present invention, several units of
pipeline 900 may each maintain a respective speculative
return stack buffer into which return addresses may be
pushed. In the exemplary pipeline illustrated mn FIG. 1la,
three speculative return stack buflers are maintained, 1.e.,
speculative return stack buffer 911 (maintained by pipeline
unitl 910), speculative return stack buffer 921 (maintained
by pipeline unit2 920), and speculative return buffer 931
(maintained by pipeline unitd 930). (In alternate
embodiments, however, pipeline 900 may include more or
less speculative return stack buffers.) As each of pipeline
unitl 910, pipeline unit2 920 and pipeline unitd 930 pro-
cesses or detects a CALL instruction, it pushes a return
address (e.g., the address of the next sequential instruction)
onto its respective speculative return stack buifer. As each of
pipeline unitl 910, pipeline unit2 920 and pipeline unit3d 930
processes or detects a RETURN FROM SUBROUTINE
instruction, it pops a return address from 1ts respective
speculative return stack buffer. If the pipeline unit 1s an
instruction source (i.e., it provides instructions to pipeline
900), the pipeline unit utilizes the popped return address to
determine which instruction should be provided next. If the
pipeline unit is not an instruction source (or is not currently
acting in the capacity of an instruction source), the pipeline
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unit may, for example, either not use the popped return
address, or may provide the popped return address to an
upstream unit 1f the upstream unit failled to detect the
RETURN FROM SUBROUTINE 1nstruction.

In the exemplary embodiment, each of the speculative
return stack buffers may have, for example, a depth greater
than one. The precise depth of cach speculative return stack
buifer may be depend on, for example, the depth of pipeline
900 between each of the plpehne units.

A “real” return stack buffer may also be maintained by
one or more pipeline units. As 1llustrated in FIG. 1a, for
example, a real return stack buffer 941 i1s maintained at
pipeline unitd 930. In this embodiment, pipeline unitn 940
pushes return addresses onto real return stack buffer 941
after, for example, CALL instructions are executed and/or
committed to a register set or memory of the processor. For
example, 1n a processor where 1nstructions are executed
in-order, pipeline unitn 940 may push a return address onto
real return stack buffer 941 after a CALL instruction 1s
executed. In a processor where nstructions are executed
out-of-order, pipeline unitn 940 may push a return address
onto real return stack buil

cr 941 after a CALL 1nstruction 1s
fully committed to the processor (e.g., committed to the
processor’s register set or memory) Similarly, pipeline unitn
940 pops return addresses from real return stack butier 941
after, for example, RETURN FROM SUBROUTINE
instructions are executed and/or committed to a register set
or memory of the processor.

In this exemplary embodiment, real return stack buifer
941 1s maintained 1n the same structure as speculative return
stack buffer 931. The real return stack buifer 941 and
speculative return stack buffer 931 may thus be indexed
together or independently.

Other pipeline units within pipeline 900 may maintain a
pointer to the speculative return stack buffer 931 and real
return stack buffer 941 structure. Such a pointer may be
uselul, for example, if a plpelme unit detects that 1ts local
speculative return stack buffer may contain invalid informa-
tion. In such a case, the pipeline unit may then utilize the
return address at the pointer address. In particular, the
pipeline unit may utilize the return address in either the
speculative return stack buif

er 931 or the real return stack
buffer 941, instead of the return address 1n 1ts own local
speculative return stack buifer.

Overview of an Additional Exemplary Embodiment

FIG. 1b 1llustrates an additional exemplary embodiment
of the present invention. This embodiment illustrates the
present mvention as applied to, for example, an 1nstruction
pipeline for processing Intel Architecture (i.e., x86) instruc-
tions (e.g., IA-32). As a person of ordinary skill in the art
will understand, however, the present invention may be
applied to 1instruction pipelines of other processor
architectures, such as, for example, RISC and CISC
architectures, or any processor architecture that includes the
use of an instruction pipeline.

Instruction pipeline 100 may include, for example, six
major stages or units (each of the pipeline stages or units
may actually be comprised of a number sub-stages), includ-
ing an instruction fetch unit (IFU) 110, an instruction decode
unit (ID) 120, a trace cache unit (TC) 130, an allocation unit
(ALLOC) 140, an execution unit (EX) 150, and a write-back
unit (WB) 160.

In this exemplary embodiment of the present invention,
instruction fetch unit 110 1s a source of program 1nstructions
for instruction pipeline 100. In particular, instruction fetch
unit 110 fetches, for example, macro-code instructions from
main memory 111 1n strict program order in order to provide
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pipeline 100 with a stream of instructions. When a branch
instruction 1s detected, branch prediction logic at instruction
fetch unit 110, in particular, a branch target buffer (BTB) 113
makes a dynamic prediction as to whether or not the branch
will be taken or not taken when the branch 1s eventually
executed. (Branch target buff

er 113 makes a branch predic-
tion for every macro-code branch instruction it recognizes).
If branch target butfer 113 predicts that the branch will not
be taken, instruction fetch unit 110 continues to fetch
instructions sequentially. If branch target buffer 113 instead
predicts that a branch will be taken, branch target butfer 113
instructs 1nstruction fetch unit 110 to fetch instructions
starting from the branch target address. In this manner,
instruction fetch unit 110 does not have to wait for any
conditions on the branch to be fully resolved before it
fetches further instructions. In the exemplary embodiment, 1f
branch target buffer 113 does not recognize that a particular
instruction is a branch instruction (even though it is, in fact,
a branch instruction), it will not make a branch prediction,
and 1nstruction fetch unit 110 continues fetching instructions
sequentially.

Instruction fetch unit 110 pushes each fetched instruction
into pipeline 100. If the fetched instruction is a branch
instruction (and branch target buffer 113 recognizes the
instruction as such), instruction fetch unit 110 also pushes
into pipeline 100 a branch prediction bit indicating whether
the branch was taken or not taken by instruction fetch unit
110.

The 1nstructions and data pushed mto pipeline 100 may be
temporarily stored in a series of latches 112 between 1nstruc-
tion fetch unit 110 and the next pipeline unit. The number of
latches 112 may correspond to, for example, the depth of
pipeline 100 between 1nstruction fetch unit 110 and another
pipeline unit pipeline 100.

Instruction decode unit 120 receives the fetched macro-
code 1nstructions from instruction fetch unit 110 via latches
112, and processes the macro-code instructions in first-in,
first-out (FIFO) order, instruction decode unit 120 decodes
the macro-code 1structions into, for example, fixed-length
RISC 1instructions called micro-ops or vops. Each macro-
code 1nstruction may decode to one or a number of micro-
ops. These micro-ops are assigned sequence numbers by
allocation unit 140, and are temporarily stored in an 1nstruc-
tion pool 141.

In the exemplary embodiment of the present invention,
instruction pipeline 100 includes a second source of program
instructions. In particular, trace cache unit 130 stores
instruction sequences, 1n the form of micro-ops, 1n high
speed cache memory 1n order to later provide these instruc-
tions to allocation unit 140 for execution by execution unit
150.

In accordance with the exemplary embodiment of the
present invention, trace cache unit 130 builds and stores
instruction “trace segments” 1n cache memory. These
Instruction trace segments are built while mstruction fetch
unit 110 is acting as the instruction source (i.€., while trace
cache unit 130 is in “build” mode). In particular, for certain
Instruction sequences, trace cache unit 130 builds and stores
(as micro-ops) sequences of macro-code instructions which
may be accessed as a unit. If the sequence 1ncludes a branch
instruction, only instructions along the predlcted instruction
path (as predicted by branch target buffer 113) are stored
(i.c., as a trace segments). Additionally, trace cache unit 130
stores the branch prediction (as identified by the prediction
bit accompanying the branch instruction). The structure and
operation of trace cache unit 130 1s described in further

detail mm U.S. Pat. No. 5,381,533 to Peleg et al.
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Trace cache 130 controls whether the source for instruc-
fions entering instruction pool 141 is instruction fetch unit
110 (via instruction decode unit 120) or trace cache unit 130.
In particular, trace cache unit 130 continuously snoops the
instruction path 132 (between allocation unit 140 and
instruction pool 141). If trace cache unit 130 recognizes that
an 1nstruction originating from instruction fetch unit 110
corresponds to the first 1nstruction 1n an instruction trace
segment (a “trace head”), 1.e., a trace cache hit, trace cache
unit 130 signals instruction fetch unit 110 to discontinue
fetching instructions, trace cache unit 130 then provides the
appropriate 1nstructions to allocation unit 140 from its cache
memory, 1.€., trace cache umit 130 enters a “streaming”
mode. When trace cache unit 130 detects that further nec-
essary instructions are not in cache (i.e., a trace cache miss),
trace cache unit 130 instructs i1nstruction fetch unit 110 to
recommence fetching instructions (at an address provided by
trace cache unit 130), and trace cache unit 130 discontinues
providing instructions to allocation unit 140.

[Like nstruction fetch unit 110, trace cache unit 130
includes branch prediction circuitry, trace branch target
buffer 131. If a trace segment includes a branch instruction,
trace branch target buffer 131 dynamically predicts “trace
leave” conditions. In particular, as trace cache unit 130
provides trace instructions to allocation unit 140, trace
branch target buffer 131 performs 1ts own dynamic predic-
tion as to whether the branch mstructions 1n the trace will be
taken or not taken. The structure and operation of trace cache
unit 18 described 1n further detail i U.S. Pat. No. 5,381,533
to Peleg et al.

In the exemplary embodiment of the present invention,
execution unit 150 obtains instructions from the instruction
pool 141. Execution unit 150 executes the micro-ops in the
instruction pool 141 1n any order possible as data and
execution units required for each micro-op becomes avail-
able. Accordingly, execution unit 150 1s an out-of-order
(O0O0) portion of the pipeline.

Finally, write back unit 160 “retires” each executed
micro-op. That 1s, write back unit 160 commits the result of
cach micro-op execution to the processor’s register set 1n the
order of original program flow. Thus, write back unit 160 is
an 1mn-order rear end of the pipeline.

CALL Instructions

A CALL mstruction 1s a special type of branch instruction.
Specifically, a CALL, instruction 1s a branch to a subroutine.
It 1s generally expected that the called subroutine will
mclude a RETURN FROM SUBROUTINE instruction,
which 1s a branch to the instruction immediately following,
the CALL instruction 1n the calling program.

In accordance with the exemplary embodiment of the
present 1nvention, mstruction pipeline 100 includes several
features for enabling units within pipeline 100 to predict the
return address for a RETURN FROM SUBROUTINE
instruction. Three speculative return stack buflers, 1.e.,
speculative return stack buffer 114, speculative return stack
buffer 121 and speculative return stack buffer 124 are
maintained at instruction fetch unit 100 (branch target buffer
113), instruction decode unit 120 and trace cache unit 130,
respectively. Additionally, one “real” return stack buifer, real
return stack buffer 123, 1s maintained 1n the same structure
as speculative return stack buffer 124 (collectively, real
return stack buffer/speculative return stack buffer 122). Also,
several of the units within instruction pipeline 100, 1.e.,
mstruction fetch unit 110, instruction decode unit 120, trace
cache unit 130, and write back unit 160 maintain a pointer
into real return stack buffer/speculative return stack buffer
122, namely, BTB-top of stack pointer 170, ID-top of stack
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pointer 171, TBTB-top of stack pomter 172 and R-top of
stack pointer 174, respectively.

Additionally, circuitry associated with trace branch target
buffer 131, namely trace branch information circuitry
(TBIT) 135, maintains in a table a pointer into real return
stack buffer/speculative return stack buftfer 122, TBI'T-top of
stack pointer, n various states. The imnformation stored in
this table may be used to recover from a branch mispredic-
tion 1n a pipeline, such as, for example, pipeline 100, where
the execution unit executes instructions in an out-of-order
sequence.

Table 1 (below) summarizes the exemplary features in
pipeline 100 for predicting return addresses.

TABLE 1

feature exemplary purpose

speculative return stack  speculative return address stack maintained by

buffer 114 instruction fetch unit 110
speculative return stack  speculative return address stack maintained by
buffer 121 instruction decode unit 120

real return stack buffer  real return address stack maintained by

123 write back unit 160

speculative return stack  speculative return address stack maintained by
buffer 124 trace cache unit 130

combination of two stacks,
real return stack buffer 123 and

real return stack buffer/
speculative return stack

buffer 122 speculative return stack buffer 124
BTB-top of stack pointer top of stack pointer to real return stack
170 buffer/speculative return stack buffer 122

maintained by instruction fetch unit 110

top of stack pointer to real return stack
buffer/speculative return stack buffer 122
maintained by instruction decode unit 120
top of stack pointer to real return stack
buffer/speculative return stack bufter 122
maintained by trace cache unit 172

top of stack pointer to real return stack
buffer/speculative return stack bufter 122
maintained by trace branch information table
132; table of TBIT-top of stack pointer 173 at
various states stored in a table for recovery
purposes

top of stack pointer to real return stack
buffer 123 maintained by write back unit 160

[D-top of stack pointer
171

TBTB-top of stack
pointer 172

TBIT-top of stack
pointer 173

R-top of stack pointer
174

Speculative Return Stack Buffer Structure

In the exemplary embodiment, speculative return stack
buffer 114, speculative return stack buffer 115 and specula-
tive return stack buifer 124 have the same basic structure. As
illustrated 1n FIG. 2a, speculative return stack buifer 114,
speculative return stack buffer 115 and speculative return
stack buffer 124 are stack structures. Each stack 200
includes a number of entries 210, the number of entries 1n
stack 200 (i.e., the depth of stack 200) being dependent on,
at least 1n part, the depth of pipeline 100.

Each entry 210 includes two fields: 1) a speculative return
address field 215 (which, as the name implies, contains a
speculative return address), and 11) a VALID BIT 220, which
indicates whether or not the entry 1s valid. New entries are
added to stack 200 with a “push” operation, which places the
new entry at the top of the stack 200. An entry 1s removed
from stack 200 with a “pop” operation which removes the
top entry from stack 200. The popped entry may then be
utilized. An entry may also be popped just for consistency
and synchronization purposes, and not be utilized at all.
RRSB/Speculative Return Stack Buifer Structure

The structure of real return stack bufler/speculative return
stack buifer 122 1s illustrated 1n FIG. 2b. Real return stack
bufler/speculative return stack buffer 122 1s, for example,
comprised of two stacks: 1) a stack including real return
addresses 1.e., real return stack buffer 123, and 11) speculative
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return stack buffer 124. Entries in the two stacks real return
stack buifer 123 and speculative return stack buffer 124 may
be mndividually pushed and popped. Additionally, each of
pomters BTB-top of stack pointer 170, ID-top of stack
pointer 171, TBTB-top of stack pointer 172, TBIT-top of
stack pointer 173 and R-top of stack pointer 174 allow the
corresponding pipeline unit (i.e., instruction fetch unit 110,
mstruction decode unit 120, trace cache unit 130, allocation
unit 140 and write back unit 150, respectively) to read an
entry in real return stack buffer/speculative return stack
buffer 122, the entry including an entry from real return
stack buffer 123 and an entry from speculative return stack
buffer 124.

Operation

During normal operations, write back unit 150 pushes
return addresses onto real return stack buffer 123 when a
CALL 1instruction 1s retired, and pops return addresses from
real return stack buffer 123 when a RETURN FROM
SUBROUTINE 1nstruction 1s retired. Write back unit 160
maintains pointer R-top of stack pointer 174 to point to the
current top of real return stack buifer 123. Since these
addresses are pushed and popped at instruction retirement
time, these return addresses are referred to as “real” return
addresses.

There may be a time lag between when 1nstruction fetch
unit 110 or another unit mm pipeline 100 needs a return
address, and when the return address 1s actually pushed onto
real return stack buffer 123. For example, instruction fetch
unit 110 may see both a CALL 1nstruction and a correspond-
ing RETURN FROM SUBROUTINE instruction before the
return address 1s pushed onto real return stack buffer 123 by
write back unit 160. This might occur when a subroutine 1s
very short, and/or when pipeline 100 1s very deep. If
instruction fetch unit 110 were required to wait for the return
address to be pushed onto real return stack buffer 123,
instruction fetch unit 110 and thus pipeline 100 would stall.

To alleviate the afore-mentioned problem, instruction
fetch unit 110 maintains speculative return stack buffer 114.
For each CALL mstruction, instruction fetch unit 110 pushes
a speculative return address onto speculative return stack
buffer 114. This address 1s only “speculative” since there
could be, for example, a mispredicted branch instruction
preceding the CALL mstruction in the pipeline, in which
case the corresponding CALL instruction may never actu-
ally be executed and retired.

Additionally, for each RETURN FROM SUBROUTINE
instruction, instruction fetch unit 110 pops the speculative
return address from speculative return stack buffer 114 and
uses this address (if the address is marked valid) as the
address of the next instruction to fetch.

Instruction fetch unit 110, 1s not the only instruction
source 1n the exemplary instruction pipeline 100. Trace
cache 130 also provides instructions to instruction pipeline
100. As described above, the source of 1nstructions switches
back and forth between instruction fetch unit 110 and trace
cache unit 130. Accordingly, an additional speculative return
stack bufler, namely speculative return stack buffer 124, is
maintained at trace cache unmit 130, with pointer TBTB-top
of stack pointer 172 pointing to the top of this stack. More
specifically, if trace cache unit 130 provides a CALL 1nstruc-
fion to 1struction pool 141, trace cache unit 130 pushes the
corresponding return address onto the top of speculative
return stack bufler 124 pointed to by TBTB-top of stack
pointer 172.

Additionally, trace cache unit 130 snoops path 132
(between allocation unit 140 and the instruction pool 141).
If trace cache unit 130 detects a CALL instruction on path
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132, trace cache unit 130 pushes the corresponding return
address onto speculative return stack buffer 124.
Accordingly, speculative return stack buifer 124 includes all
return addresses corresponding to CALL mstructions origi-
nating from both paths.

Trace cache 130 also pops a return address from specu-
lative return stack buffer 124 when it 1) provides a RETURN
FROM SUBROUTINE instruction to instruction pool 141,
or i) detects a RETURN FROM SUBROUTINE instruction
on path 132 (i.e., originating from instruction fetch unit
110). The popped return address, however, 1s not used.

In the exemplary embodiment of the present invention,
instruction decode unit 120 also maintains a speculative
return stack buifer, speculative return stack buifer 121.
speculative return stack buffer 121 1s utilized because
instruction fetch unit 110 does not recognize all CALL or
RETURN FROM SUBROUTINE i1nstructions. instruction
fetch unit 110 only recognizes instructions that are stored in
branch target buffer 113. Since the cache at branch target
buffer 113 1s of a limited size, not all instructions will be
stored 1n branch target buifer 113. If instruction decode unit
120 detects that instruction fetch unit 110 failed to recognize
a CALL mstruction, or failed to properly predict a return
address following a RETURN FROM SUBROUTINE
instruction (i.e., the branch prediction bit was not set),
instruction decode unit 120 initiates a pipeline restart and
provides 1nstruction fetch unit 110 with the proper instruc-
tion address from which to fetch the next instruction.

Additionally, each time the instruction source switches
from trace cache unit 130 to instruction fetch unit 110, all of
the entries 1n speculative return stack buffer 114 (at instruc-
tion fetch unit 110) and speculative return stack buffer 121
(at instruction decode unit 120) are marked invalid, since
these stacks do not include return addresses corresponding
to CALL 1nstructions that trace cache unit 130 provided to
mstruction pool 141, and/or may include return addresses
that have already been utilized following a RETURN FROM
SUBROUTINE 1nstruction provided by trace cache unit 130
to 1struction pool 141.

If the processor detects a branch misprediction, the entries
in all speculative return stack buffers, 1.€., speculative return
stack buffer 114, speculative return stack buffer 121 and
speculative return stack buffer 124, are marked invalid. This
1s because 1nstructions 1n pipeline 100 following the mispre-
dicted branch instructions are along the wrong instruction
path. Thus, return addresses corresponding to CALL instruc-
tions that may never be executed may be in the stacks, or
return addresses may be missing or in the wrong order.

Pointers BTB-top of stack pointer 170 and ID-top of stack
pointer 171 are utilized by instruction fetch unit 110 and
instruction decode unmit 120, respectively, to obtain a return
address from real return stack butfer/speculative return stack
buffer 122 if the entry at the top of speculative return stack
buffer 114 or speculative return stack buffer 121
(respectively) is marked invalid.

In the exemplary embodiment, pomter TBIT-top of stack
pointer 173 1s maintained by trace branch information table
135 for machine state recovery purposes. In particular, trace
branch information table 135 maintains a table including
various states of TBIT-top of stack pointer 173 in order to
provide a means to synchronize the pointers to real return
stack bufler/speculative return stack buifer 122 1n the event
of a branch misprediction. For example, execution unit 150
may detect a branch misprediction. However, since execu-
tion umit 150 processes instructions 1n an out-of-order
sequence, a special mechanism 1s required to enable correc-
tion of the pointers into real return stack buftfer/speculative
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return stack buffer 122 after a maspredicted branch is
detected. Thus, 1n the exemplary embodiment of the present
invention, trace branch information table 135 circuitry is
utilized. In particular, trace branch information table 135
detects micro-ops along path 132. For each micro-op
detected, trace branch information table 135 stores 1n a table
entry the sequence number of the micro-op, as well as the
current state of TBIT-top of stack pointer 173. Then, 1f a
branch misprediction 1s detected by execution unit 150, the
appropriate TBIT-top of stack pointer 173 value may be
retrieved from the table at trace branch information table
135 using the sequence number of the mispredicted branch
instruction, 1 order to restore all other pointers to the
appropriate top of real return stack bufler/speculative return
stack buffer 122.

The maintenance and use of each of the return stack
buffers 1s described 1n further detail below 1n connection
with the flowcharts of FIGS. 3a—7b (elements identified with
a reference number 1n the 100-series are 1llustrated in FIG.
1b).

FIG. 3a 1s a flowchart of a process performed by 1nstruc-
tion fetch unit 110 upon fetching (and recognizing) a CALL
instruction. In accordance with the exemplary embodiment
of the present invention, upon detecting the CALL
instruction, instruction fetch unit 110 pushes the next
sequential address (1.e., the address of the instruction imme-
diately following the CALL instruction) onto speculative
return stack buffer 114 and sets the VALID BIT (step 310).
Additionally, instruction fetch unit 110 increments BTB-top
of stack pointer 170 (instruction fetch unit 110°s pointer into
real return stack buffer/speculative return stack buffer 122)
(step 315).

Upon fetching (and recognizing) a RETURN FROM
SUBROUTINE i1nstruction, instruction fetch unit 110 per-
forms the process 1illustrated 1n the flowchart of FIG. 3a.
Instruction fetch unit 110 first pops speculative return stack
buffer 114 to obtain the current top of stack entry (step 350).
[f the VALID BIT in that particular entry is set (step 355),
instruction fetch unit 110 uses the speculative return address
in the popped entry as the address of the next instruction to
be fetched(step 360).

If the VALID BIT 1n the stack entry popped from specu-
lative return stack buffer 114 is not set (thus indicating that
the entry is invalid), instruction fetch unit 110 reads the entry
in real return stack buffer/speculative return stack bufifer 122
pointed to by BTB-top of stack pointer 170 (step 365). If the
VALID BIT 1n the entry read from real return stack bufler/
speculative return stack buffer 122 is set (step 370), instruc-
tion fetch unit 110 uses the speculative return address in that
entry (i.€., the portion of the entry contributed by speculative
return stack buffer 124) as the address of the next instruction
to be fetched (step 375). If the VALID BIT in that entry is
not set, the real return address in that entry (i.e., the portion
of the entry contributed by real return stack buffer 124) is
instead utilized (step 385).

After the next fetch address 1s determined, BTB-top of
stack pointer 170 is decremented (step 380).

The flowcharts of FIGS. 4a and 4b 1llustrate processes
performed by instruction decode unit 120 1n accordance with

the exemplary embodiment of the present invention, upon
detection of a CALL instruction and a RETURN FROM

SUBROUTINE 1nstruction, respectively.

Referring first to FIG. 4a, upon receiving a CALL instruc-
tion from instruction fetch unit 110 (via latches 112), instruc-
tion decode unit 120 pushes the next sequential address onto
speculative return stack buffer 121 and sets the VALID
BIT(step 410). ID-top of stack pointer 171 is then incre-
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mented (step 415). Next, mstruction decode unit 120 deter-
mines whether or not instruction fetch unit 110 had recog-
nized the CALL instruction (step 420). This may be
determined by testing the branch prediction bit. That 1s, 1f
the branch prediction bit 1s set, instruction decode unit 120
recognized the CALL instruction. However, 1f the branch
prediction bit 1s not set, instruction fetch umt 110 did not
recognize the CALL, instruction. Accordingly, instruction
fetch unit 110 i1s fetching instructions along the wrong
program path, 1.e., sequentially. In that event, instruction
decode unit 120 transmits the proper target address to
instruction fetch unit 110 (step 425) and initiates a pipeline
restart (step 430). In particular, the pipeline between instruc-
tion fetch unit 110 and 1nstruction decode unit 120 1s flushed.

Additionally, all entries 1n speculative return stack butfer
114 are marked invalid (step 435). Since instruction fetch
unit 110 fetched instructions along a wrong program path,
the stack may include return addresses corresponding to
CALL 1nstructions that instruction fetch unit 110 should not
have fetched. Additionally, instruction fetch unit 110 may
have incorrectly popped an address from speculative return
stack buffer 114 1if instruction fetch unit 110 fetched a
RETURN FROM SUBROUTINE instruction 1t should not
have. Or, the return addresses in speculative return stack
buffer 114 may now be ordered incorrectly.

Referring now to FIG. 4b, an exemplary process per-
formed by instruction decode unit 120 upon receiving a
RETURN FROM SUBROUTINE instruction from instruc-
tion fetch unit 110 (via latches 112) is illustrated in flowchart
form. First, instruction decode unit 120 pops speculative
return stack buffer 121 to obtain the entry at the top of the
speculative stack (step 440). If the VALID BIT in this entry
is set (step 445), instruction decode unit 120 sets the
speculative return address in this entry as the address of the
instruction it expects to obtain next from instruction fetch
unit 10 (step 450).

If the VALID bit in the entry popped from speculative
return stack buffer 121 1s not set, instruction decode unit 120
reads the entry 1n real return stack buffer/speculative return
stack buffer 122 pointed to by ID-top of stack pointer 171
(step 455). If the VALID BIT in the entry read is set,
instruction decode unit 120 sets the speculative return
address 1n this entry as the address of the instruction it
expects to obtain next from latches 112 (step 460).
Otherwise, the real return address 1n this entry 1s set as the
expected address (step 495).

Next, ID-top of stack pointer 171 1s decremented (step
470).

Instruction decode unit 120 then determines whether or
not 1nstruction fetch unit 110 fetched the correct instruction
(step 475). As noted above, instruction fetch unit 110 does
not recognize all mstructions. Accordingly, instruction fetch
unit 110 may have failed to push a return address onto, or
pop a return address from speculative return stack bufler
114. If the prediction bit 1s not set, the next instruction in
latches 112 1s 1ncorrect. Thus, 1nstruction decode unit 120
provides 1nstruction fetch unit 110 with the proper address
(step 480). Additionally, instruction decode unit 120 initiates
a pipeline restart (step 485). In particular, the pipeline
between 1nstruction fetch umit 110 and instruction decode
unit 120 1s flushed. Additionally, all entries 1n speculative
return stack buffer 114 are marked invalid (step 490).

FIGS. Sa, 5b and 5¢ show flowcharts of processes per-
formed by trace cache unit 130 1n accordance with the
exemplary embodiment of the present invention. Referring
to FIG. Sa, a flowchart of a process performed by trace cache
unit 130 upon detecting a CALL 1nstruction 1s 1illustrated.
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Upon detecting a CALL instruction (the CALL 1nstruction
originating from trace cache unit 130 or detected along path
132 originating from instruction fetch unit 110) trace cache
unit 130 increments 1ts pointer to real return stack buffer/
speculative return stack buffer 122, TBTB-top of stack
pointer 172 (step 510). Trace cache unit 130 then pushes the
next sequential address, 1.e., the address of the instruction

followmg the CALL, 1115truct1011 onto Sp@Clll&th@ return
stack buffer 124 (step 520). As illustrated in FIG. §b, when

trace cache unit 130 detects a RETURN FROM SUBROU-
TINE instruction (again, the instruction originating either
from trace cache unit 130 or instruction fetch unit 110), trace

cache unit 130 performs the steps opposite those shown 1n
FIG. 3a. Specifically, upon detecting a RETURN FROM

SUBROUTINE struction, trace cache unit 130 pops
speculative return stack buffer 124 (step 555) and decre-
ments TBTB-top of stack pointer 172 (step 560).

As described above, pipeline 100 switches between uti-
lizing trace cache unit 130 and utilizing instruction fetch unit
110 as the program instruction source. When instruction
fetch unit 110 becomes the program instruction source, the
process 1llustrated 1n the flowchart of FIG. 53¢ 1s performed.
First, both ID-top of stack pointer 171 and BTB-top of stack
pointer 170 are set equal to TBTB-top of stack pointer 172
(step 575). Then, all entries in speculative return stack buffer
114 and speculative return stack buffer 121 are marked
invalid (step 580). In the exemplary embodiment of the
present mnvention, these steps are performed because 1nstruc-
tion fetch unit 110 and instruction decode umit 120 are
upstream 1n the pipeline relative to trace cache unit 130.
Therefore, during the time that trace cache unit 130 1s the
mstruction source, neither instruction fetch unit 110 nor
instruction decode unit 120 knows which instructions were
transmitted to instruction pool 141 by trace cache unit 130.
Accordingly, the speculative buffers at instruction fetch unit
110 and instruction decode unit 120 may be out of synchro-
nization with pipeline 100. Additionally, BTB-top of stack
pointer 170 and ID-top of stack pointer 171 may be no
longer pointing to the proper entry in real return stack
buffer/speculative return stack buifer 112. Thus, all entries in
the speculative buffers at mstruction fetch unit 110 and
instruction decode unit 120 are marked 1nvalid, and pointers
BTB-top of stack pointer 170 and ID-top of stack pointer
171 are updated with more recent information.

In the exemplary embodiment of the present invention, a
process similar to that illustrated 1in FIG. 5c¢ 1s not performed
when the pipeline switches from instruction fetch unit 110 as
the source of 1nstructions to trace cache unit 130. Since trace
cache unit 130 1s downstream 1n the pipeline from instruc-
tion fetch unit 110, trace cache unit 130 detects instructions
provided to pipeline 100 by instruction fetch unit 110 via
snooping path 132. Thus, trace cache unit 130 always has
current information.

Referring now to the flowchart of FIG. 6a, a flowchart of
a process performed by trace branch information table 135
1s 1llustrated 1n connection with maintaining pointers to real
return stack buifer/speculative return stack buffer 122 1n a
pipeline where mstruction are executed i1n an out-of-order
sequence. Trace branch information table 135 snoops
instruction path 132 (step 610) and detects micro-op instruc-
tions (step 615). If a detected micro-op is a branch instruc-
tion associated with a CALL instruction (step 620), TBIT-
top of stack pointer 173 is incremented (step 625). If the
detected micro-op 1s, instead, a branch nstruction associated
with a RETURN FROM SUBROUTINE instruction (step
630), TBIT-top of stack pointer 172 is decremented (step
635). (If the instructions is not a branch instruction associ-
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ated with a CALL mstruction nor a RETURN FROM
SUBROUTINE 1nstruction, TBIT-top of stack pointer 172 1s

not changed.)

For each micro-op detected, trace branch information
table 135 stores 1n a table entry the allocated sequence
number of the micro-op, and the current value of TBIT-top
of stack pointer 172 (step 640), trace branch information
table 135 then continues to snoop instruction path 132 (step
610).

FIG. 6b 1illustrates the process performed in 1nstruction
pipeline 100 in the event that a branch misprediction 1s
detected by execution unit 150. In particular, execution unit
150 first transmits the sequence number of the branch
instruction to trace branch information table 135 (step 650).
Using the sequence number, trace branch information table
135 looks up an entry 1n its table to retrieve a TBIT-top of
stack pointer value (step 655). The TBIT-top of stack pointer
portion of the entry 1s then copied to TBIT-top of stack

pointer 173 (step 660). Next, TBIT-top of stack pointer 173
1s copied to TBTB-top of stack pointer 172, ID-top of stack
pointer 171, and BTB-top of stack pointer 170, thereby
restoring the state of the machine with respect to real return
stack buffer/speculative return stack buffer 122 (step 665).
All stack entries 1 each of the speculative stacks, 1.c.,
speculative return stack buffer 114, speculative return stack
buffer 121 and speculative return stack buifer 124, are then
marked invalid (step 670). Finally, pipeline 100 is restarted
at instruction fetch unit 110 (including. for example, flushing
pipeline 100).

FIGS. 7a and 7b illustrate processes performed by write
back unit 160 with respect to maintaining and synchronizing
pointers to return stack buffers. Referring first to FIG. 7a,
write back unit 160 first retires a macro-code (step 710). If
the macro-code instruction is a CALL instruction (step 715),
write back unit 160 pushes the address of the next sequential
instruction into real return stack buffer 123 and increments
R-top of stack pointer 174 (step 720).

If, instead, the macro-code nstruction 15 a RETURN
FROM SUBROUTINE instruction (step 725), write back
unit 160 pops an address from real return stack buffer 123
(write back unit 160 does not use this address), and decre-
ments R-top of stack pointer 174 (step 730).

The microprocessor detects certain conditions, such as
EVENTs and TRAPs, which cause the microprocessor to
execute machine micro-code. (EVENTs and TRAPs are
conditions which are outside the scope of this discussion). If
write back unit 160 detects an EVENT or a TRAP condition,
the process of FIG. 7b 1s preformed. In particular, R-top of
stack pointer 174 1s copied to TBIT-top of stack pointer 173,
TBTB-top of stack pointer 172, ID-top of stack pointer 171
and BTB-top of stack pointer 170 (step 750). All entries in
all speculative return buifers are then invalidated. That 1s,
cach entry in speculative return stack butfer 114, speculative
return stack buffer 121, and speculative return stack buifer
124 are marked invalid (step 755). The processor then
executes recovery micro-code (step 760).

OTHER EMBODIMENTS

While the present invention has been particularly shown
and described with reference to an exemplary embodiment
thereot, 1t will be understood by those skilled 1n the art that
various changes 1n form and details may be made therein
without departing from the spirit and scope of the invention.

What 1s claimed 1s:

1. An 1nstruction pipeline 1n a microprocessor, COmpris-
Ing:

a plurality of pipeline units, each of the plurality of

pipeline units processing a plurality of instructions, at
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least two of the pipeline units being a source of at least
some of the plurality of instructions for the instruction
pipeline; and

at least two speculative return address stacks, each of the
speculative return address stacks coupled to a respec-
tive one of the at least two pipeline units, each of the
speculative return address stacks capable of storing at
least two speculative return addresses.

2. The 1nstruction pipeline of claim 1, further comprising;:

a real return address stack, the real return address stack
coupled to at least one of the plurality of pipeline unaits,
the real return address stack for storing a real return
address.

3. The 1nstruction pipeline of claim 1, wherein at least one
of the pipeline units processes at least some of the plurality
of 1nstructions 1n an out-of-order sequence.

4. The 1nstruction pipeline of claim 1, wherein at least one
of the plurality of pipeline units includes branch prediction
circuitry.

5. The 1nstruction pipeline of claim 1, wherein at least two
of the plurality of pipeline units includes branch prediction
circuitry.

6. The mstruction pipeline of claim 1, wherein a first one
of the at least two of the plurality of pipeline units supplies
instructions to the instruction pipeline during a first time,
and a second one of the at least two of the plurality of
pipeline units supplies instructions to the instruction pipe-
line during a second time, the second time being outside the
first time.

7. An 1nstruction pipeline 1n a miCroprocessor, COmpris-
Ing:

a plurality of pipeline units, each of the plurality of
pipeline units processing a plurality of instructions, at
least two of the pipeline units being capable of recog-
nizing a subroutine CALL instruction; and

a plurality of speculative return address stacks, each
respective one of the at least two pipeline units coupled
to a respective one of the speculative return address
stacks and storing a speculative return address as a
function of the recognized subroutine CALL instruc-
tion 1n the respective one of the speculative return
address stacks.

8. The mnstruction pipeline of claim 7, further comprising:

a real return address stack, the real return address stack
coupled to at least one of the at least two pipeline units,
the real return address stack for storing a real return

address as a function of the recognized subroutine call
Instruction.
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9. The 1nstruction pipeline of claam 8, wherein the plu-
rality of pipeline units includes an instruction fetch unit for
fetching at least a subset of the plurality of 1nstructions, and
a decode unit for decoding each of the fetched instructions
into at least one micro-code 1nstruction, and wherein the
mstruction pipeline further includes a table for storing for

cach of the at least one micro-code 1nstruction a pointer to
the real return address stack.

10. The instruction pipeline of claim 9, wherein a subset

of the plurality of pipeline units maintains a respective
pointer 1nto the real return address stack.

11. The instruction pipeline of claim 7, wherein each
respective one of the at least two pipeline units pushes a
return address onto the respective speculative return address
stacks upon recognizing the subroutine CALL instruction.

12. The instruction pipeline of claim 11, wherein each of
the at least two pipeline units are capable of recognizing a
return from subroutine 1nstruction, and wherein each of the
at least two pipeline units pops the return address from at
least one of the plurality of speculative return address stacks
upon recognizing the return from subroutine instruction.

13. The mstruction pipeline of claim 7, wherein at least
two of the plurality of pipeline units includes branch pre-
diction circuitry.

14. The instruction pipeline of claim 7, wherein a first one
of the plurality of pipeline units supplies instructions to the
instruction pipeline during a first time, and a second one of
the plurality of pipeline units supplies instructions to the
instruction pipeline during a second time, the second time
being outside the first time.

15. An instruction pipeline 1n a miCroprocessor, cCompris-
Ing:

a plurality of pipeline units, each of the plurality of
pipeline units processing a plurality of instructions, at
least two of the pipeline units fetching at least some of
the plurality of instructions from memory and provid-
ing the fetched instructions to the instruction pipeline;
and

at least two speculative return address stacks, each of the
speculative return address stacks coupled to a respec-
tive one of the at least two pipeline units, each of the
speculative return address stacks capable of storing at
least two speculative return addresses.
16. The mstruction pipeline according to claim 1, wherein
cach of the at least two pipeline units includes respective
branch prediction circuitry.
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